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ABSTRACT: The exceptionally fast growth that fish experience after periods of fasting has been called “compen-
satory growth”. This phenomenon has been studied in intensive aquaculture as a means of enhancing growth rates,
but the mechanisms by which food intake activates an increase in somatic growth, and especially in muscle growth,
are complex and not yet fully understood. In the present paper, we describe the molecular cloning and sequencing
of sea bass (Dicentrarchus labrax) myostatin (MSTN) and fibroblast growth factor 6 (FGF6), which have been
shown to be major genetic determinants of skeletal muscle growth, together with insulin-like growth factor I (IGF-
I) and IGF-II, which are potent mitogens known to play important roles in growth and development.
We then report the pattern of expression of the four aforementioned genes, in liver and myotomal muscle in
response to prolonged fasting and refeeding. Nutritional status significantly influenced the expression of IGF-I,
IGF-II and MSTN, whereas the muscular FGF6 expression levels were not affected by the feeding status of the ani-
mals. Taken together these data indicate that IGF-I, IGF-II and MSTN are involved in the sea bass muscle com-
pensatory growth induced by refeeding, whereas FGF6 probably has not a role in this phenomenon.
Key words: Aquaculture, Gene expression, Compensatory growth, Real-time RT-PCR.
INTRODUCTION – Fish have the ability to compensate for set-backs in growth as a result of fasting. This phe-
nomenon, known as “compensatory growth” is of interest in aquaculture, because by understanding its dynamics,
feeding schedules can be designed that improve growth rates. However the mechanisms involved in such rapid
recovery from fasting are still not fully understood. Such mechanisms have principally been searched for at the
level of total fish growth, where a number of circulating hormones are thought to be involved. Some attention has
also been paid to muscle growth and to locally produced paracrine/autocrine factors, which can profoundly affect
tissue growth and development. Among these are growth factors such as insulin-like growth factor-I (IGF-I), IGF-
II, myostatin (MSTN) and fibroblast growth factor 6 (FGF6).
The transcripts of the aforementioned genes have been detected in many fish tissues, and in various fish species,
it has been shown that their hepatic and muscular mRNA levels depend on feeding status, but, to our knowledge,
there is no information regarding a possible role of them in sea bass (Dicentrarchus labrax, L) growth. In this study
we describe the molecular cloning and sequencing of IGF-I, IGF-II, MSTN and FGF6, which have been shown to be
major genetic determinants of skeletal muscle growth, and the absolute quantification by real-time PCR of their
expression levels during prolonged fasting and refeeding in liver and muscle of sea bass with the aim of determin-
ing a possible role during compensatory growth induced by refeeding.
MATERIAL AND METHODS – Sea bass juveniles were reared in fiberglass tanks, each containing 2.5m3 water,
with 200 fish per tank Fish were deprived of food for 28 days and then refed ad libitum for 21 days with Hendrix-
Skretting feed for marine fish. Fish were sampled  before fasting (day 0), 4 days after the onset of fasting (4dFa),
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at the end of the fasting period (Fa) and then sequentially at 1 (w1), 2 (w2), and 3 (w3) weeks following refeeding.
Body weight and standard body length were measured and used to calculate the condition factor : (K = body weight
× 100/ standard body length3) (Navarro and Gutièrrez, 1995). For the molecular biology analysis, liver and dorsal
white muscle were  isolated from 5 fish for each sampling point. Total RNA was extracted from the tissues and
reverse transcribed into cDNA. To perform PCR for cloning and sequencing purpose, an aliquot of the resulting
cDNA was amplified with GoTaq Polymerase (Promega) in a mix containing buffer, dNTPs, and each of the designed
primer pairs. The PCR products from MSTN, FGF6, IGF-I and -II primer amplifications were then cloned using
pGEM-T cloning vector system, and subsequently sequenced in T7 and SP6 directions (Terova et al., 2006, 2007).
Quantification via real time RT-PCR of relative changes in MSTN and FGF6 gene expression was done by the 2–∆∆Ct
method, using β-actin or GAPDH as housekeeping genes, while in the case of IGF-I and -II genes, the number of
transcript copies was absolutely quantified by comparing them with a standard curve constructed using the known
copy number of mRNAs of each gene. For this, a primer pair was used to create templates for the in vitro tran-
scription of cRNAs (Caelers et al., 2004), which were then used as quantitative standards in the analysis of exper-
imental samples (Terova et al., 2007).
RESULTS AND CONCLUSIONS – The cloning strategy using PCR amplification of cDNAs resulted in the iso-
lation of the complete coding sequences of sea bass IGF-1 (n°AY800248), IGF-2 (n°AY839105), FGF6 (n°AY831723)
and MSTN (n°AY839106) which were then deposited in GenBank (http://www.ncbi.nlm.nih.gov).
Fish growth data are presented in Table 1. At the beginning of the experiment the mean body weight of the sea bass
was 110.84±4.47g and the condition factor 1.89±0.03. After 28 days of fasting body weight and condition factor of
fasted fish were lower (P<0.01), than the fed controls. During the subsequent refeeding period, previously unfed fish
were able to increase body weight sufficiently to overcome weight loss imposed by the 4 week feed restriction.
IGF-I, IGF-II, MSTN and FGF6 gene expression profiles in response to refeeding and determined using real-time PCR
quantification are presented in Fig.1. IGF-I mRNA levels found in liver were, in general, higher than in the muscle.
Fasting for 4 weeks reduced the amounts of IGF-I and IGF-II transcripts (P<0.05) in both liver and muscle, whereas 4
days without feed did not contribute to a significant decrease in mRNA copy number of both, compared to controls. At the
end of the first and second week after refeeding, the expression of IGF-I and -II increased beyond pre-treatment levels (at
least in liver), in support of compensatory growth, than return to original levels  by week 3. Fasting for 4 weeks signifi-
cantly increased the amount of MSTN transcript (P<0.05) in the muscle, as compared to controls. The recovery from fast-
ing was associated with a significant decrease in MSTN mRNA abundance levels, compared to fasted animals, but not
until the end of the second week of refeeding. The abundance of muscular FGF6 mRNA levels were similar between fed,
fasted and refed fish (Figure 1). The response of this growth factor seems to be less affected by the availability of food.
In conclusion, we have isolated the complete cDNAs sequences encoding MSTN, IGF-I, IGF-II and FGF6 in sea
bass. Our data indicate that IGF-I, IGF-II and MSTN participate in both an endocrine and autocrine/paracrine
fashion in promoting sea bass muscle compensatory growth induced by refeeding, whereas the nutritional status
had no effect on the muscular FGF6 mRNA levels.
It is known that a natural mutation in the MSTN gene in two breeds of cattle, Belgian Blue and Piedmontese, is
the reason for the double-muscling phenomenon, as MSTN is a negative regulator of muscle tissue growth. S, if the
atrophic actions of mammalian MSTN are indeed conserved in fish, it might be more effective to silence this growth
restraint in muscle than to administer  growth promoters. Therefore, successful manipulation of molecular mecha-
nisms that mediate the effects of MSTN on the growth and development of somatic tissues, through a direct manip-
ulation of its expression in vivo for example, may have the potential to increase commercial fish production by
improving growth efficiency.
Table 1: Sea bass means ( ± S.E.)  for body weight, standard length and condition factor (K)
Days Treatmentsa Weight (g) Length (cm) K
0 110.84±4.47 18.02±0.29 1.89±0.03
28 Fed vs fasted 144.00±1.16 103.22±1.02* 19.32±0.29 18.06±0.23* 2.01±0.09 1.76±0.08*
49 Fed vs refed 180.24±1.2 179.18 ±0.56 21.10±0.24 20.30±0.12* 1.91±0.11 2.10±0.13*
aTreatments were fed controls, 28 days fasted fish, and 28 days of fasted fish followed by 21 days of
refeeding. *values are different from controls (P<0.01).
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Figure 1. IGF-I and IGF-II, MSTN and FGF6 expression levels measured by real-time PCR
in D. labrax liver and muscle. Differences between letters indicate significantly
different means (P<0.05).
